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FATES 't OF FRYUSSUFI=GAUCE MLASURENINTS IN REACTING EXPLOSIVES

by

M, J. Gins.erg, Allan B. findersen, and Jderry Wackerle

ExSTFACT

The prerer hycrecyrnaric deta &né arn equa-
tion cf siate are rufficicnt to describe guanti-
tatively the 1eacticn rates of EM?]O’iVES during
tre shech=to=cCetciaticn tansiticn, Murganin
yrevcure gpauges ertedded In the :cacting cxrlo-
cive Lhave provided tlerze data for the oxjlesives
FITWN, TEX OLOL, TATE, ané TET. Cuce o jrenmoure-
..el: ticvtory hus heen aicsce~hled frer lndividual
;jrorrcure hicterles at diffcrent depths in the cx-
rlaelivg, the ceneervetion cquaticne cen e arrlied
in a laprangian analysis ef the dzta. The corm-
Yiretion ¢f a raactani-product equaiicn of sfiate
wiz} thic analysis tlen allcws the cileulation
of the ex-ent of recaction and reactior rate.
Cucc-=eful correlaticn of the caleilated reaction
ratc values with otler therriiyraric variables,
tucth us pressure or ';ﬁ,e.uture. alicws lormulce-
ticn cf a rate lav aid the predicticn of iniila-
ticn behavior uader circur:tances quite cifferent
frer the experirents that led te the rute law.

The best dynamie plczererittive pirsoure
gavje for rest applizetiens weuld have a rud-
stantial ouiput voltuLe dne Fresent negligible
divcurlarce to the flow, 1In explerives, howcver,
teralirerents for survival In the oxtirere ter;era-
ture W1 ¢ jresrure envircnient enccuntered by the
rauce dictate vorpromise,s Lew elvetrical recis-
tonce (V20 m) helps to rinimize shunt cenduc-
tivity failures, but this drastically reduces
output and dunands that roch aticnhe lch be pliven
to rcducling noise. Althcugh relatively thick
frculaticen perturbs the flow to scre extent,
survivabllity 1equiic: .nts dictatr its use,
Frcecure rcasurerents in reactive flow can now
be nade routinely with pauges that successfully
jrcduce data leading to a dercripticn ¢f the
fiow und a powerful jredictive cujabidity,
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Ercssure Or pdjye of sufficient amplitude rropagating in a chemical explosive
FOFTUniTYy 1O Spepmic reaction (or shock-induced decemposition) that can lead to
when studyirg rportant variables associated with steady detoraticrn, such as the
i ATTemplin can be measured routinely and accurately(l). Other important

1es not encoun.p a5 the detonation pressure--typically 25 to 40 GPa--have usually
cecs, and theérgron jndirect measurements(2), although direct detcnation pressure
suggest the Cegue precently been performed with erbedde® piezoresistive gauges(3 M)
give the time .o 4 qubstantial agreement with calculaiions. However, hecause
SE°°k to full . tion behind the shock front in 2 cetonating explosive is normally
history. Hoveg, thickness, such measurerents do not provide tire-resolved de-
tert of reacti . cure history in the reaction zore. Therefore, determination of
ot been obtalg oy cp_induced deccmposition in a steady detoretion through the
rusolved value, gauges is not possible with existing techniques,

ETLEdded Lapray r shock pressure is below the detonation pressure, there is a
Engrangian Alidior in which the shock-induced deccmposition takes place over a

ser tEe Possib.p in a detcnation. Typically, although there might be full decom-
lcs of reacting guppillireter reaction zone of a detonation ir less than 0.1 s,
tal and analyty oyolving pressure waves over a span of about 10 mr and 2 Ls be-
Lagiungian plesrion 1o detonation. Techniques exist that allow us to obtain

Qur §°aiirticlc-velocity histories in such a flow field, zffording the op-
cf any explosleydy the kinetics of shock-irduced deccrpesition that is denied
procecure, detor.ation,

(1) Plan

to describe initiation pheromena does, hcwever, raise Eifficult-
used to determ:, .4 with detonation phenomena. Initiation it a nonsteady pro-
(that is, at Mg {5 16 relatively simple and accurate theoretical background(5) te
(?) A Lasign of indirect experirents. Explosive wedge experiments(6,7) can
cure-field hlsgna aistance required for the explesiv. to transit from initial
velocity=, deNgetonation, and some measure of the intermediate shock velocity
gicn of the okyer 5 detailed picture of the process (precsure, volume, and ex-
(3) A g£lon 2s a function of distance and time in the reacting material) has
a precrure=dennap)e until the advent of pauges aud techniques that yield time-
Jated throughcg of the hydrodynamic variables associated with the cecomposition.
ngian pressure and particle velocity gauges and (l.» associated
2 lysis techniques do yield these time-resolved measurerents and of-
ility of obtaining a descripticn of the gloLal dec'mposition kinet-

e nvnlacivoe. Tn thie naner wa will eAnrrerntrata an the exmericcne



(s) Teosizicr-indepencdent correletions of the rate with the other therro-
&rraric verisbles are sought, and when found, fcrrulated as enpirical rate laus
I¢r the cecomnosizicn kiretics.

(5) These rate laws are tested for general velidity with numerical hydro-
Cynanmic simuleticns of shock-initiation experiments that are quite different from
Thecse pererating the rates.

Pressure gauge meacurements in reacting pentaerythritol tetranitrate (PETH)
r.ace by Wackerle, et al.(8), were accompanied by an analysis tkrough step 3 of
the preceding paragraph, and Soviet researchers studying trinitrotoluene (THNT)(9,
10) rroceeced.cne step further. Aralytical methodologies are discucsed in these
referencer, and in Ref. 1ll. The complete procedure was successfully cerried out
&t our labcratory on PEX 9404(12), a plastic-bonded explosive, and the insensi-
tive high explosive triminotrinitrobenzene (TATB)(13), These two studies led to
the formulation of the shock-strength dependent rate law DAGMAR®, which will be
cescribed irn more detail in Section V. Other invertigfators hLave performed embed-
ded gauge mecsurcments in reacting explosives(lu4), but did nct obtain reaction
rate laws based on their data.

II. EXFERIMENTS

£s an illustiration cf our experimental techniques, we describe reccnt work
we have ccne on TATB(13). TATB cylinders were pressed frem a pewder having a
rodal rarticle site of approximately 20 um and then machined into disks. Tabri-
cetlen cornditicns were carefully controlled and repeated. The density of the
specinens was 1.80 * 0,01 g/ecm?. Fadiographic cxariraticn of the disks showed no
local density ciccentinuities large enough to affect the experirents.,

Targets for gas gun experiments (see Fig. 1) were fahricateu from one groov-
ed disk of a chosen thickness, and one flat disk. A single, low-resistance,
feur-terminal Manganin gauge was embedded in the grooved disk, and tre other disk
cerented to the first. The gauges were phoioetched from 0,050-mm=tlrick annealed
foil and thermally bonded between two 0.25-mm sheets of FLP Teflon. producing a
package slightly over 0,5-mm thick, Typical electrical resistance of the active
elenent of the gaupe was 20 mf). A current of approximately 60 A was provided to
the gauge by two pover supplies of the type described by Vantine, et al.(u),
whose rauge calibraticn(l5) (without hysteresis correction) was used to obtain
rressure histories from the gauge records,

The annealed ccpper flyers used in the sustained thock experiments were
©.35-nn thick (Tig., ?). Those used Iin the shcri-shock experiments were l-mm
thick and Lacked by jclyrethyl methacrylate (FKMMA). The average projectile ve-
locity of 1.17 =n/us provided a planar shock of 7.6 GPa amplitucde, which leads
to detonition in approximately 1C mm in the sustained shock case.

Figure 3 shows measured pressure histories (as solid lines) in TATE obtained
uricer the conditions described above., The dotted llnes are calculated values.
Celculations will be discussed in a later section. The gauge locations were at
0, 2.3, 3.7, 5.3, 6.7, and 7.7 mm.

et Analysis Generated Modified Arrhenius Rate. Although we no louger use
citect anelys.is (a less refined nmethod of Lagranglan analysls) we have retained
the acronym.
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III, PIZZORZSISTIVE GAUGES IN REACTING EXPLOSIVES

The material insulating a piezoresistive gauge in a reacting explosive typi-
cally encounters pressures of 10 to 30 GPa and shock temperatures up to 200C°K
during its 1~ to 3-ps lifetime, The explosive decemposition products are hot and
electrically conductive, posing the threat of shorting the powering current from
the gauge if the insulation fails, Shunt conduction arising from shock-induced
conductivity in the insulator itself is also a possibility.

Ir general, the best dynamic pressure gauge for any given epplication would
rrocuce a substantial output voltage in the pressure regime of interest, and rre-
sent minimum disturbance to the flow. Minimizing disturbance to the flow con-
sists of rinimizing gauge thickness and matching the impedance of the package to
the corrressed, unreacted explosive as closely as possible, NMatching shock im-
pedance and minimizing thickness also improves the time resolution of the gauge.
This is most irmportant in the region near the shock front, where pressure changes
take place rapidly, and pressure equilibraetion of the gauge through ringing can
rask cdetails of the recorded history. Unfortunately, the extreme conditions en-
countereé by the gauge in a reacting explocsive require that we make compromises

créer to insure gauge survival for the desired duration,

ThLe mest impertant problem to be solved is that of shunt conductivity. De-
rending on the particular gauge design and insulator materials, current can be
shunted Lecause of a conducting path bctweern the gauge and the reacting explosive,
or beceuse of pressure- or temperature-induced conductivity in the insulator it-
self, or both. DPressure gauge measurements were rmade in our laboratory on PETN
ané FBX 9404 using cormercially available 502 Manganin gauges(8,12). Tt was con-
cluled that in scme instances, conductivity effects caused prernature Tailure of
these gauges, which were insulated with a thin luyer of Kapton polymer. Kapton
L.as been shown to undergo a considerable ircrease in conductivity during the
passage of a stress wave of the amplitude seen in PETN and PEX 9404 during
initiation(16).

We briefly invertigated the effect of the reacting explosive environment on
Kepten-anc-epoxy encapsulated grid gauges (nowminally 502). One normal Kapton-
backed 500 grid, and one grid that was rade into an open circuit by carefully
trimming out the conaecting metal between the longer elements, were encapsulated
Yetween twe 0,050-mm sheets of Kapton glued with epoxy adhesive. A 502 resistor
vac wired in paralle! with the open grid., The package was embedded behind 4.5 mm
¢f PBX 9u0u and the explosive was subjected to an input shock of 2.9 GPa produced
Ly planar projectile impact in a gas gun. The results are shewn schematically in
Fig. 4. The le=d shock reaches the gauge, and is folluwed by the reactive wave
ovartaking from the rear. At shock arrival, the 500 gauge shows a jump to the
shock pressure level In the material at that point (peint A) and the conductivity
probe shows a small decrease in resistance that rerains constant until the pres-
sure reaches an apparent maximum of approxirately 10 GPa (point B). Here, the
conductivity probe shows another small increase, corresponding to an apparent
jressure decrease, as shown by the pressure gauge, and then the probe shows whrat
is ccrentially a runaway conductivity increase, corresponding to a shock-induced
cenductivity failure of the pressure gauge (point C). The pressure record in
this case !s not reliatle beyond peint C. Lpoxies and other adhesives as well as
cther complex polyrers have also been shown to undergo increases in conductivity
during dynamic corpres«ion(16). However, it is Interecsting to note that Purrows,
et al.(3), perforned detonation-pressure measurements with Manganin geuges en-
capeulated in a Teflon package glued together with epoxy. Surprisingly, no



Incuced corductivity was evicdent, Chevpion(17) reasured the change in conductiv-
ity of skheck-conpressed Tefler and polysthylerne and found a much reduced effect,
- mgking these raterials Look atiractive for gauge insulation,

Weingsrt, et al.(1B), performed a nurber of experiments designed to ascer-
Tein whether failure by conductivity occurs irnside the gauge package through the
reactive explosive. They bonded low-resistance (20-m?) four-terrminal Fanganin
gauges in PTFE Teflon without an adhesive, but with FEP Teflon in contact with
the gauge. The total insulation thickness was varied from 0.13 tuv 0.50 nm.
Their thin gauge packages in reacting FBX 9404 showed clear evidence of early
Teilure, which was attributed to conduction through the reactive explosive. Our
work on similar gauges supports this, as is shown in Fig., 5. This figure shows
“ire-tc-failure vs gauge depth for different insulation thickness for gauges
rlaced at different depths ir reacting TATE. The experimental configuration was
cseen in Figs. 1 and 2, and Fig. 6 shows a typical gauge record with the onse: of
crncductivity taking place at point A, The thicker insulation clearly allows
longer recording time, and suggests that ccnductivity does take place between
g”uge &nd reacting explosive rather than in the package itself. It can also be
seen thet, vithin the limits of gauge resistance (20 to 80 mQ) considered, the
gauge resi.tance is a secondary effect.

The choice of a low resistance (20-40 mQ) active elerment was made primarily
to avoid shunt conductivity in the geuge package itself, The resistance of tha
cenducting path in the Teflon insulator for typical gpavpe dimensions is approxi-
rately 200, tased on Champion's data(l7). Cauges of lower resistance right also
te less likely to fail through contact with the reactirg explosive. However, in
the narreow range of resistance we have studied (20 to 80 m?) the data in Fig. 3
crovide ro conclusive evidence, With a powering current of 60A, the output of a
20 M raupe is apprexirately 25 mV/GPa, producing peak sipnal levels in a typical
experirent of 200 mV., At this level we rarely see persistent electrical ncise.
fithough ncice spikes of greater.than 10 mV amplitude do occasionally oczur, the
svstem usually recovers within 0.1 us, and the record is not severely affected,

With 0,25 mm of IEP Teflon insulation on each side of the gauge, recording
duration of 2 to 2.5 ps is rcutinely achieved, even at deep stations where the
rcasured pressure is over 20 GPa, Also, the Teflon is a reasonable impedance
ratch to the reacting explosive, and allows adequate response to the shock und
following wave. As can be scen from the record shown in Fig. 6, there is no re-
solvable overshoot at the top of the lead shock and a quick recovery, ailowing
the rest of the wave to be faithfully reccrded.

Altheugh it is inevitable that the placement of a 0,5-rm thick gauge package
in the reacting explosive must disturb the flow, the experimental evidence of
woinpart, et al,(18), supgests that the disturbance is not as great as might be
cxpected. However, this is insufficient comfort, because just as we know that
increasing gauge thickress will ultinately affect the flow to an unacceptable ex-
ient, decreasing that dimension must produce less disturbance, The answer to
this problem probably depends on the developnent of an !mproved insulator that,
vhile retaining the sheck-impedance matching properties of Teflon, represents an
Irprovement in 1ts ability to resist the mechanism that leads to shunt conductiv-
Ity. Until such a material is found, heat-bonded Teflon will continue to be our
choice in this application, It {s also possible, however, that our requirements
for duration might be met by the times-to-fallure shown in Fig. 5 for gauges in-
tulated by only 0.13 mn of Teflon on each side. In fact, the analysis of TATB
ceta discucsed in the following sections required gauge 1ifetimes only as long as
these chtaired with 0.13-mm fnsulation.



IV, LaGRAIGIAN RNARLYSIS

Trhe lagrengien arelysis cf gauge data ic effected Ly the successive integra-
tictn ¢ the fluid-cyrne—ic conservatior relaticns for mo-entun, rass and energy.
In terrs ¢f the iIritial (Lagrangian) position cocrdinate, Lk, &nd tire, t, these
relesticns are:

ou/ot

- v op/dh ov/ot = Vo du/sh ,
and de/dt = -p dv/dt = -p vo ou/oh ,

vhere p, u, v, and e are the pressure, particle velocity, specific volume and
specific irternal energy, respactively, and the sub-o denotes the initial, un-
shocked, value.

For our TATB study, we adopted a "pathline'" method csimilar to that developed
by Searan(19), who extended the work of Grady(20). In this approach, we trans-
form the real time coordinate t, to a pathline coordinate t(h) and use direction-
al derivatives tc replace the gradiernts 9dp/dh and dou/dh. In integral form, the
trensformed equations become

. _ t(h) [dp _ dp(h,t') dt'(h) '

u(h,t) = u(h) - voj [E‘:' Lot S ] at'
tl(h)
rt(h 9 ' "

v(h,t) = vi(h) + v, t(h) [%l}:- - “é’;:‘ ) d"m“h)] dt'
(b
r a [ ] 1

e(h,t) = e (h) - v_ t(h) p(h.t')[g—:- “g%t ) d"d}(\h)] dt'
o
tl(h)

Here the total ferivatives are along the pathline and the pertial derivatives are
at fixed t or h, and the sub-=1 indicates values along the first path. Although
the transforration might be suspected of introducing greater error in the analy-
eis, this is rnct the case. MNo error is introduced by the term dt/dh, becauze we
chcese t(h) artitrarily, and dp/dt is evaluated through dense data (unlike dp/dh),
In addition, paths can be chosen to minimize the varlation in pressure along the
fath so that the evaluation of dp/dh is generally surerior to that of 9p/dh.

Ir. our use of the pathline rethod, we choose the cshock locus as the first
petn, and censtruct the other paths so that data from all the gauges are used
throughout the calculation (see Fig. 7). State pararcters along the shock path
are defined by the Hugoniot relations for conservation of momentum, mass and
crergy:

v.Fy * ultl, vllv° =]l - (ul/Ul). and e, - % " (p1/2) (vo - Vl) ’

-
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where U; is the shock velocity. We complete this description by specifying the
shack Hugoniot fer the explosivc in the commern form U, = C + Su,, with the con-
stants C and S evaluated from asuxiliary (usuzlly explosive wedge) experirents.

The fitting of real (estimated to be accurate within 5%) data is sorething
of an exercise in curve fitting, The calculated specific volumes and energies
essentially depend on the curvature of p(h). We have found that fitting p(h)
with cubic splires, which minimize the total curvature, gives good results rela-
tively free of nonphysical oscillations in v and e.

V. EQUATION OF STATZ AND RATE CALCULATION

The Lagrangian anzlysis provides a history of pressure, specific volume and
energy at the gauge locations. Relating a reaction progress variable to these
three state variables through an equation of state allows the calculation of de-
corposition rates. The rates are, of course, valid only for the particular equa-
tion-of-state relationship chosen,

Equations of state are commonly formulated with the assumption that the de-~
composing explosive is a mixture of unreacted solid and fully reacted, primarily
gaseous products. The relationship is thus a construct of the p-v-e equations
for the two corponents, a reaction progress variable egual to the mass fraction
of one of the corponents (we use that of the procucts, denoting A=0 as urnreacted
andé A=l as fully reacted), and a "mix rule" that, explicitly or implicitly, di-
vides the specific internal energy between the two components,

Presently, we use the HOM equation of state(2l)., The cormponent stete rela-
tionships are both Mie-Gruneisen forms, that is:

p(v,e) = pr(v) + (T/v) (e—qr)

where [=v(dp/de) is the Gruneisen ratio and the sub-r denotes values along a ref-
erence curve, For the solid, this reference is taken as the shock Hugoniot, cal-
ibrated to measurements as described above, and the good approximation of

{(F'/v) = ccnstant is assumed. The reference curve for the products is taken as
the isentrope through the Chapman-Jouget (CJ) detonation state expressed in the
Becker-Kistiakowsky-Wilson form(22), Although this is a calculated relationship,
it is well calibrated to shock-wave data on product species and to detonation
velocities of the well-studied explosives. The mix rule is defined with the as-
sumptions of ideal mixing of the specific volume and energy and of equilibrium of
pressure and temperature between the two components. Temperatures along refer-
ence curves for the two components are defined by the equation-of-state assump-
tions already stated, and are calculated at points off these reference curves
with the additional assumption of constant specific heat.

VI. RATE CORRELATION

The analysis at this point provides numerical values of the pressure, den-
sity, internal energy, temperature, degree of decomposition and reaction rate at
each gaupe location. If correlationc of the rate values to combinaticns of other
state variables can be found that hold throughout the reactive flow, they can
serve as ermpirical rate laws for the exnlosive, The calculated "data" can also
serve to test various proposed theore:.icel or empirical rate forms,



With both PB5X 9404 and TATB, we have obtained the Lest results by examining
the rate cependence on temperature in a simple Arrhenius ferm. Assuming first-
order depletion, the calculated rates for TATB zre shown by the solid curves in
Fig. 8. The results ere similar to those obtained with PB¥ G404, and suggest the
sere ferm for the rate. The parallel curves suggest the use of a single activa-
tion energy or termperature for the rate, but some modification of the pre-
exponential factor is necessary. Because both this factor and the shock strength
are monotonically increasing for the deeper gauge locations. it seems appropriate
to introduce some measure of shock strengih into the 1&te. Using the shock pres-
sure, pg, as this measure, we examined the correlation:

i\
n . T*/T

A/(1=-2) = Zo P

We found that this DAGMAR form agrees reasonably well with the calculated rates.
A le=ast squares analysis, minimiziag deviations in the "experimental" rate-time
space of Fig. 8, gives the set of constants: Z_ = 0,0158, n = 2,61 and T* = 1861K,
where ps~! rates and GPa pressure units are used. The correlation to the calcu~-
lated rates with these constants is indicated by the dashed lines in Figs. 8 and
9.

The correlation is essentially the same as that first obtained with PBX 9404,
where analysis of both sustained- and short-shock initiation configurations with
& 2.9-GPa input shock strength (but run distance to detonation similar to the
TATB experiments) gave 2, = 0.17, n = 2 and T* = 1200 K as constants. The DAGMAR
form for PBX 9404 also included a modest induction time factor, but this rzy have
resulted from a constraint imposed on the direct analysis performed for that
explosive.

VII. DISCUSSION AND CONCLUSIONS

A principal motive for determining empirical rate forms is to provide infor-
mation for the modeling of initiation and detonation phenomena with numerical
hydrodynamic calculations. The successful simulations of experiments involving
shock configurations and state conditions quite different from those used in ob-
taining the correlation allow more confidence in the generality of the derived
rate. Such modeling is done with numerical hydrocodes that operate on the fluid
dynamic conservation relations in finite difference form, advancing the calcula-
tion in small time increments. An assumed rate law is used to update the reac-
tion coordinate, and the p(v,e,A) relation is used to calculate the pressure for
the next time cycle. In our simulations, we use the PAD 1D hydrocode ceveloped
by Fickett(22) with our addition of the HOM equation of state.

A first requirement of our rate law is that it gives simulations of the
pressure data used to generate it. PAD calculations of the gauge-pressure his-
teries were shown as dashed lines in Fig, 3. The good agreerent signifies only
that we made no serious error in the analysis.

A more deranding test is simulation of gauge data with short-shock inputs.
For TATB, we performed the same experiments described previously, except that the
thick flyer (Fig. 2) was replaced with one that was l-mm thick. A series of ex-
periments gave the gauge records shown as solid lines in Fig. 10, Computer simu-
lations with the calibrated DAGMAR form gave tlie dashed curves, in reasonably
good agreement with observation.

10



fnother test of the rate is afforled Ly cata from explosive wedge exceri~
ments. In this most common initiation experirent, a rlarer stock is introduced
into a wedge-shaped specimen, and the shock front prcgress is monitored with a
sireak camera as it builds up to detonation. The dava are commonly displayed in
"Pop-plot" form, relating the distance to “:tonation D to input shock pressure
p; as D = Ap]°, with A and B constants. Our experiments on 1.8-g/cm® TATB were
done with high-explosive driving systems, with shock strengths substantially
higher and run distances much shorter than those of the embedded-gauge experi-
rents. The streak-camera records typically displayed an initial constant wave
velocity region, a break to an intermediate accelerating region, and a second
break continuing to the onset of detonation., Both breaks fit the Pop-plot form,
3s shown by the open symbols in Fig. 1l. . Numerical hydrodynamic calculations of
these build-up features, shown as cresses in Fig. 11, are in excellent agreement
with observaticen.

In addition tu the examples given above, DAGMAR forms have provided computer
simulaticns of nearly all of the existing planar shock initiation data base on
PBX 9404 and 1,8-g/cm® TATB. The data base fcr PBX 9404 is substantial, includ-
ing all of the experiments described above and numerous short-shock sensitivity
tests and experiments in which plates ars accelerated by partially reacted ex-
rlosive. There are also high-pressure shori-shock sensitivity test results for
TATB(23), which we have also calculated successfully. Reaction rate formulations
ottaired from embedded gauge data coupled with Lagrange analysis and an assumed
equation of state yield useful and important information about the shock-induced
decorpositicn of explosives,

¥e believe that the Teflon~-armored lcw-resistance Manganin gauge yields
pressure-field histories in reacting explosives of sufficient quality to be used
es the data for Lagrangian analysis and subsequent reaction rate derivation.

11
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